RNase P is a ribonucleoprotein (RNP) enzyme that catalyzes the Mg 2+ -dependent 5' maturation of precursor tRNAs. In all domains of life, it is a ribozyme: the RNase P RNA (RPR) component has been demonstrated to be responsible for catalysis. However, the number of RNase P protein subunits (RPPs) varies from one in bacteria to nine or ten in eukarya. The archaeal RPR is associated with at least four RPPs, which function in pairs (RPP21-RPP29 and RPP30-POP5). We used solution NMR spectroscopy to determine the three-dimensional structure of the protein-protein complex comprising Pyrococcus furiosus (Pfu) RPP21 and RPP29. We found that the protein-protein interaction is characterized by coupled folding of secondary structural elements that participate in interface formation. In addition to detailing the intermolecular contacts that stabilize this 30-kDa binary complex, the structure identifies surfaces rich in conserved basic residues likely vital for recognition of the RPR and/or precursor tRNA. Furthermore, enzymatic footprinting experiments allowed us to localize the RPP21-RPP29 complex to the specificity domain of the RPR. These findings provide valuable new insights into mechanisms of RNP assembly and serve as important steps towards a three-dimensional model of this ancient RNP enzyme.
INTRODUCTION
RNase P, a ribonucleoprotein complex (RNP), catalyzes removal of the 5' leader sequence during tRNA maturation 1 2 ; 3 . Across the three domains of life, it is composed of one RNA subunit and a varying number of protein subunits: one in bacteria; at least four in archaea and nine in eukarya. The RNase P RNA (RPR) from each domain of life has been shown to be catalytic on its own in vitro under elevated monovalent and divalent ion concentrations 4; 5; 6 . However, RNase P protein(s) (RPP) enhance catalysis under near-physiological conditions by facilitating RPR folding, substrate recognition and decrease in the Mg 2+ requirement 7; 8; 9; 10 . Interestingly, when comparing the enzyme from the three domains of life, an increase in protein content is associated with the loss of some RPR elements and a concomitant decrease in RPR activity 1; 11; 12 . Thus, RNase P is an appealing model to address how protein cofactors might have taken over the structural and functional attributes of RNAs during evolution from a putative RNA-centric world to the present protein-centric one. Towards the goal of understanding this progression, we have focused our efforts on the biochemically tractable and thermostable archaeal version of the RNase P enzyme from the hyperthermophilic archaeon Pyrococcus furiosus (Pfu), whose RPPs are homologous to their eukaryal counterparts 13; 14 .
Bacterial RNase P is the best understood form of the enzyme 15 . Based on the primary sequence and secondary structure of the RPRs, bacterial RNase P can be classified into two distinct types: A and B 16 . In both types, the RPR is composed of two independently folding domains, termed the specificity and catalytic domains (S domain and C domain, respectively) held together by interdomain RNA-RNA contacts 17 . To date, crystallographic structures have been reported for two S domains and two full-length RPRs, from bacterial RNase P of types A and B 18; 19; 20; 21 . The structures of three homologous bacterial RPPs have been solved by crystallography or NMR spectroscopy as well 22; 23; 24 . Although the structure of the bacterial RNase P holoenzyme complex has not yet been determined, models of A-and B-type RNPs have been built using a wealth of information from biochemical studies 25; 26; 27 .
Phylogenetic and biochemical studies have revealed that archaeal RNase P is a compositional intermediate between the bacterial and eukaryotic counterparts. Euryarchaeal RNase P can also be categorized into two groups based on their RPR sequences: A and M 16; 28 . Euryarchaeal A-type RPR (e.g., Pfu) is similar to the bacterial A-type in terms of secondary structures and reported in vitro catalytic activity 5; 13 ; in contrast, the M-type RPR more closely resembles the eukaryotic RPR and has shown no catalytic activity on its own, although it can cleave a substrate tethered in cis 29 . Though no high-resolution structure is available of the archaeal RPR, secondary structure similarities and the presence of universally conserved nucleotides in the active site suggest that the archaeal RPR fold (especially the C domain) might resemble that of the bacterial RPR; however, the increased RPP content in archaeal RNase P suggests that RNA-protein interactions in the enzyme are likely to have replaced some of the intramolecular RNA-RNA interactions present in the bacterial RPR 12 .
Although the archaeal and eukaryotic RPRs share conserved structural features with their bacterial counterparts, none of the RPPs from archaeal or eukaryotic RNase P share sequence similarity with the single bacterial protein. At least four protein subunits are associated with Pfu RNase P, and share sequence homology to the human RPPs: RPP21, RPP29, RPP30 and POP5 14 . The structures of the four archaeal RPPs have been solved from different archaeal organisms by either NMR spectroscopy, X-ray crystallography, or both. These studies on the isolated proteins revealed the structures of the RPPs to fall within common nucleic acid binding protein families: an Sm-like fold (RPP29) 30; 31; 32; 33 , a zinc ribbon (RPP21) 34; 35 , an RRMlike fold (Pop5) 36 , and a TIM barrel (RPP30) 37 Biochemical data have suggested that at least some of the archaeal and eukaryotic RPPs function in pairs. Yeast two-hybrid studies of proteins from both archaeal and eukaryotic RNase P confirmed the presence of two binary complexes: RPP21-RPP29 and RPP30-POP5 38; 39; 40 . Reconstitution assays performed on Pfu RNase P have shown that either protein pair is sufficient to activate the RNA enzyme at lower ion concentrations, while no single protein can rescue the RNA enzyme under the same conditions 13 . Although these studies established a role for RPP binary pairs in enhancing the catalytic activity of archaeal RPRs, the mechanistic basis for their actions is largely unclear without useful structural models of the archaeal RNase P holoenzyme. To that end, high-resolution structure determination of the binary complexes is a necessity.
Here we report the NMR-derived solution structure of the 30 kDa complex between two Pfu RPPs: the Sm-like RPP29 and the zinc-ribbon RPP21 proteins. This study complements recently reported crystal structures of the Pyrococcus horikoshii (Pho) POP5-RPP30 and RPP21-RPP29 complexes 41; 42 , reveals dynamic features of the proteins and binding-coupled protein folding events, as well as identify additional features important for protein-protein and protein-RNA interactions. Furthermore, footprinting studies allow us to map the RPP21-RPP29 complex onto the S domain of the RPR. Together with biochemical studies on the C domain and RPP30-POP5 complex from Pyrococcus furiosus and Methanocaldococcus jannaschii (Mja) 13 29 , this work represents an important step towards understanding the architecture and function of archaeal and eukaryal RNase P.
RESULTS AND DISCUSSION

NMR spectroscopy of the RPP29-RPP21 complex
At lower temperatures (25, 40°C), NMR spectra of free Pfu RPP21 and RPP29 were of poor quality, with broad lines and highly variable peak intensities, suggesting that the proteins were poorly folded and/or aggregated at those temperatures. Spectra recorded at 55°C yielded generally narrow lines and uniform peak intensities for both proteins, and thus data were recorded at 55°C for both the free proteins and the protein-protein complexes. The 15 N-edited HSQC spectrum of free Pfu RPP29 contains only 62 of 124 expected backbone resonances (Supporting Information), suggesting that only its Sm-like core is folded in solution in the monomer state. This observation is consistent with the previously reported solution structures of RPP29 from Archaeoglobus fulgidus (Afu) 31 and Methanothermobacter thermautotrophicus (Mth) 30 . In free RPP21, 78 backbone amides could be assigned in the free protein, revealing a structured core comprising residues 19 to 105, out of 123 total 35 . As unlabeled RPP21 is titrated into 15 N-labeled RPP29, signals from free RPP29 disappear, with concomitant appearance of new set of resonances corresponding to RPP21-bound RPP29, until the samples reach a molar ratio of 1:1 of RPP29 and RPP21, beyond which no further change in the spectrum is observed. This behavior corresponds to the slow exchange regime for the equilibrium between the free and bound states, and is indicative of tight binding and a 1:1 stoichiometry.
Strikingly, 52 new RPP29 backbone amide resonances are observed in 15 N-edited spectra of the RPP21-bound RPP29. This number corresponds overall to 42% of the RPP29 primary sequence and accounts for nearly all of the resonances that were not observed in spectra of the free protein. Among these 52 new signals, 41 arise from residues at the N-terminus and 8 from the C-terminus, implying that the termini, which are disordered in free RPP29, fold upon binding to RPP21 and play an important role in forming the RPP21 binding interface ( Figure  1 and Supporting Information).
Spectra of bound RPP21 also revealed signals not observed in the free protein. Upon binding to unlabeled RPP29, nine new backbone amide resonances could be assigned to residues from the N-terminal helical bundle of the protein. In addition, the amides that exhibited the largest chemical shift perturbations (CSPs) upon binding RPP29 are primarily from residues clustered at the N-terminal helical bundle of RPP21, including D19, I20, L21, L24, A25, R27, V28, S32, R38, L42, and V46 ( Figure 1 and Supporting Information). These data highlight the RPP29-binding region of RPP21 35 and indicate that the interaction with RPP29 stabilizes the secondary structure in this region of RPP21.
Mutations in the unstructured helical bundle of free RPP21 are deleterious to RPP29 binding. We initially used an RPP21 Ala14Val variant (denoted RPP21V14) in our structural studies due to inadvertent selection of a clone with this spurious mutation. The 1 H-15 N correlated spectra of RPP21V14 35 and of the wild-type protein are nearly identical, indicating that the N-terminal region containing this residue is unstructured in both proteins (data not shown), although helix α 1 was observed to extend through this region in crystallographic studies of Pho RPP21 34 . Ala14 of in RPP21 is highly conserved through archaea and eukarya (Supporting Information), suggesting that the residue may play an important role in maintaining overall structural integrity or interaction with its partner RPP29. Notably, we found that wild-type RPP21 binds to RPP29 three-fold tighter than the mutant (not shown), and no new amide signals appeared when [U-15 N]-RPP21V14 is saturated with RPP29, in contrast to the nine new Nterminal resonances observed when wild type RPP21 binds its partner. This implies that like RPP29, RPP21 experiences binding-coupled folding, and that an A14V mutation in RPP21 interferes with this aspect of the interaction.
Chemical shift perturbations allowed preliminary identification of the binding interface between RPP29 and RPP21. Detailed characterization of the binding interface was achieved by recording and assigning inter-molecular NOEs, which were obtained from 3D 13 C-filtered/ edited NOESY spectra recorded in 99.8% D 2 O 43; 44 . Crosspeaks in these spectra arise from NOEs between protons not attached to 13 C nuclei (the filter step) to protons attached to 13 C nuclei (the editing step), thereby providing exclusively intermolecular NOEs when one of the proteins is uniformly 13 C labeled, and the other is unlabeled. We recorded 13 C-filtered/edited NOESY spectra on both [U-13 C, 15 N]-RPP29 in complex with unlabeled RPP21, and on [U-13 C, 15 N]-RPP21 in complex with unlabeled RPP29 (Figure 2 ). These spectra yielded a total of 284 intermolecular NOEs (153 and 131 NOEs from each spectrum; Supporting Information).
Solution Structure of Pfu RPP29-RPP21 complex
The solution structure of Pfu RPP29-RPP21 complex ( Figure 3 ) was determined by iterative torsion angle refinement using distance restraints derived from inter-and intra-molecular NOEs, hydrogen bond restraints inferred from secondary structure information and torsion angle restraints from analysis of chemical shifts. The ensemble is well defined for the assigned residues (17-123 of RPP29 and 9-54, 57-81, 86-104 of RPP21) with a mean root-mean-square deviation (RMSD) of 0.58 Å and 0.87 Å for backbone and heavy atoms, respectively. The stereochemical quality of the structures was high, with 98.1% of the residues adopting φ and ψ angles falling in the most favored and the additionally favored regions of the Ramachandran plot ( Table 1) . The extreme N-and C-termini of both proteins (residues 1-16 and 124-127 of RPP29; residues 1-8 and 105-122 of RPP21) are flexible in the complex, as confirmed by { 1 H}-15 N heteronuclear NOE data (Supporting Information), indicating these regions are not involved in the interaction with the protein partner.
In the RPP29-RPP21 complex, additional structural elements from each protein could be resolved that were disordered in their free proteins. For RPP29, in addition to the signals from the β-barrel core, binding RPP21 allowed definition of residues from three helices (helix α 1 , residues 19-23; helix α 2 , residues 27-31; and helix 3, residues [40] [41] [42] [43] [44] , an extended strand connecting helix α 2 and helix α 3 at the N-terminus, and a C-terminal helix (helix α 4 , residues 117-122). In the context of the RPP21 complex, the packing of several N-terminal residues of RPP29 within the Sm-like core of the protein (I24, T27, R31, H34, V38, K40 and L44) is stabilized, although these intramolecular interactions were insufficient to stabilize the interactions in the free protein. In contrast to the extensive intra-molecular contacts made by the binding-stabilized N-terminal residues, the RPP29 C-terminal helix observed in the complex appears to be entirely stabilized by inter-molecular contacts to RPP21, as few intramolecular NOEs are observed from this region of the protein to other parts of RPP29. The Smlike core of RPP29 is essentially unchanged by RPP21 binding as the RMSD between the free and RPP21-bound structures is within the precision of the ensemble (~1.1 Å for backbone atoms). Thus, it is evident that binding of RPP29 to RPP21 involves binding-coupled folding and stabilization of interfacial structures in RPP29.
When bound to its partner, RPP21 adopts the same overall L-shaped structure observed in the free protein: a long arm containing the two N-terminal α-helices, a short-arm made up of the C-terminal β-sheet comprising the zinc ribbon, and a central linker connecting the two domains. However, in the complex, helix α 1 of RPP21 extends through residues 9-17, indicating that binding is associated with induced fit in RPP21 as well. The RPP29-binding interface of RPP21 is clearly mapped to one face of the helix bundle by the cluster of residues identified with the largest CSPs. Backbone atoms of free and RPP29-bound RPP21 superpose with an overall RMSD of 2.5 Å. However, when superposing the N-terminal helices and C-terminal sheet individually, the agreement is much better, with RMSD of 1.2 Å and 1.1 Å, respectively, reflecting the relatively poorly defined central linker in free RPP21, and corresponding uncertainty in interdomain orientation 35 . The N-terminal helices of Pfu RPP21 that form the binding interface adopt the same overall structure as observed in crystals of the Pho RPP21-RPP29 complex, with a backbone RMSD of 0.7 Å.
Interface between RPP29 and RPP21
The structure of the Pfu RPP21-RPP29 intermolecular interface identified from chemical shift perturbations (Figure 1 ) was defined by 284 unique intermolecular NOEs, many of which arise between methyl bearing and aromatic residues (Supporting Information). These NOEs highlight an extensive interface that buries approximately 2400 Å 2 of surface on both proteins (RPP29, 1100 Å 2 ; RPP21, 1300 Å 2 ) and is composed of hydrophobic, polar and ionic interactions between residues provided in three separate structural elements: 1) the N-terminal region of RPP29, which extends in an anti-parallel fashion along RPP21 helix α 1 ; 2) RPP29 β2 interacts with both helices of RPP21 in the center of the interface; and 3) the C-terminal helix of RPP29 stabilizes the end of RPP21 helix α 2 ( Figure 4 ).
In addition to hydrophobic interactions, conserved polar contacts likely play an important role in stabilizing the complex. In an unusual feature, I71 RPP29 in strand β2 adopts backbone φ/ψ torsion angles (140 ± 3 and −53 ± 12, respectively) that allow sidechains of both I71 RPP29 and D72 RPP29 to participate in the RPP21 interface, through hydrophobic interactions and an intermolecular salt-bridge, respectively. Moreover, this unusual backbone configuration orients the backbone carbonyl of I71 RPP29 into the interface, where it is available for a stabilizing interaction with the sidechain hydroxyl of Y39 RPP21 . Although intermolecular NOEs were observed between I71 RPP29 and Y39 RPP21 (Supporting Information), these NOEs were not sufficient to constrain the sidechain of Y39 RPP21 such that I71 RPP29 O and Y39 RPP21 O η are in hydrogen bonding distance in each member of the ensemble (3.3 ± 0.4 Å). This interaction was also observed in the crystal structure of the Pho RPP21-RPP29 complex 42 , and mutation of Y39 RPP21 to alanine was shown to be strongly deleterious to activity in an in vitro reconstitution assay 34 . Given the sequence conservation in this region of both proteins, this is likely to be a conserved interaction across archaea and eukarya. Adjacent to this interaction, prominent intermolecular salt bridges appear to be formed between E47 RPP29 and R17 RPP21 , and between D72 RPP29 and R38 RPP21 (Figure 4d ). These charge pairs are highly conserved in the thermophilic and hyperthermophilic RPPs in archaea (Supporting Information). Many of the residues in the binding surfaces of both proteins are highly conserved or invariant (Supporting Information), suggesting a conserved binding interface between RPP29 and RPP21 in archaeal and eukaryotic RNase P.
RNA Binding Surface
RNA binding studies of Mth and S. cerevisiae RPPs using the yeast three-hybrid system showed that RPP29 binds the RPR in Mth and yeast RNase P, and both RPP21 and RPP29 interact directly with H1 RNA (RPR) in human RNase P 40; 45 . Given that RPP29 and RPP21 form a tight and intimate complex, it is reasonable to imagine that this complex forms prior to assembly with the RPR, and thus may constitute an RNA binding "unit" with one or more contiguous RNA binding surfaces. The electrostatic potential map of the Pfu RPP29-RPP21 complex identifies two surface patches with positive electrostatic potential on difference faces of the complex ( Figure 5 ). The larger of these two surfaces (Site 1) indeed spans both proteins, including the RPP21 central linker and helix α 3 at the N-terminus, and β6 and the C-terminal α-helix of RPP29. Twenty highly conserved Arg and Lys residues are located on this surface patch; among them, R116, R120, K123 of in the C-terminal helix of RPP29, and K51, K53, K59, R60, R61 and K64 in the central linker of RPP21. The smaller site 2 is localized to the RPP21 β-sheet, with R77, R79, R81, K83, R84, K91, R100 and two His (H87 and H97), all extending on one face of the β-sheet. Of these, R100 is invariant and R77, R79, R81, and K91 are highly conserved in archaea and eukarya (Supporting information). This analysis draws attention to two distinct faces of the binary complex as potential RNA binding interfaces for the RPR catalyst and pre-tRNA substrate.
Footprinting
To better understand how the archaeal RPPs support RPR catalysis, knowledge of the spatial organization of these RPPs on the cognate RPR is necessary. We previously employed footprinting assays and demonstrated that the POP5-RPP30 binary complex, and not RPP21-RPP29, decreased the susceptibility to RNase T1 cleavage of a Pfu RPR deletion derivative containing only the C domain 13 . As documented before, technical problems complicated footprinting experiments with the full-length Pfu RPR 13 . Therefore, we explored Methanocaldococcus jannaschii (Mja) RNase P as an alternative to its Pfu relative and were able to map the RPP binding sites on this shorter RPR. Full-length Mja RPR was digested with either RNase T1 (which cleaves 3' to unpaired guanines) or RNase V1 (which cleaves basepaired nucleotides in RNA). In the presence of Mja RPP29-RPP21 complex, the paired regions P9, P10/11 and P12 in the S domain are protected from V1 cleavage, while no protection by RPP29-RPP21 complex was observed in the C domain ( Figure 6 ). This observation is also consistent with the finding that addition of RPP21-RPP29 (unlike POP5-RPP30) to the S domain-deleted Pfu and Mja RPRs changes neither the rate nor the NH 4 + /Mg 2+ requirement, unlike its effects on the full-length archaeal RPRs 13; 29 . In contrast to RPP21-RPP29, Mja RPP30-POP5 protects from RNase T1 cleavage the RPR's C domain, especially at or surrounding the universally conserved nucleotides (Figure 6 ). No additional regions of protection were observed when all four RPPs were present compared to the aggregate of the footprints of each binary pair (compare lanes 4, 6 and 10, Figure 6a, 6b) . Collectively, these footprinting studies indicate that RPP30-POP5 and RPP21-RPP29 exclusively interact with the C and S domains, respectively, regardless of whether the other pair is present. Our ongoing studies with another type A RNase P (Mth) reveal a similar binding pattern (data not shown). Considering the conservation of sequence and or secondary structural elements at or near the RPP-binding sites, we can reasonably expect similar RNA-protein interactions in archaeal and eukaryotic RNase P holoenzymes.
CONCLUSION
The NMR data presented here indicate that formation of the Pfu RPP29-RPP21 complex involves binding-coupled folding of structural elements in both proteins. The RPP29-RPP21 complex is defined by a combination of conserved interfacial hydrophobic and polar residues, including apparent salt bridges. Outside of the structured cores, residues in the extreme N-and C-termini of both proteins indicate that these remain unstructured in the protein complex. Of particular interest are the long N-terminus of RPP29 (17 residues) and the C-terminus of RPP21 (13 residues), both of which possess an abundance of conserved and basic residues (Lys, Arg) that suggest a role in RNA binding. The surface of the protein-protein complex features two well-defined regions of positive electrostatic potential, highlighting possible RNA binding regions.
The structure of the Pfu RPP21-RPP29 complex, together with enzymatic footprinting data, permits informed speculation about the nature of the protein-RNA complex. Enzymatic footprinting of Mja RPP21-RPP29 on the Mja RPR indicates that this protein complex interacts only with the S domain of the RPR, consistent with earlier studies where it was shown to not affect the rate of the phosphodiester bond-breaking step 29 (Figure 6 ). Since presently there is no three-dimensional model of any archaeal RPR, the crystal structures of the bacterial RPRs serve as the best frame of reference. The crystal structure of the T. thermophilus RPR S domain highlights intramolecular RNA-RNA interactions (especially between stems P13 and P12, and between P14 and P8), that stabilize the tertiary structure necessary for RPR-alone catalysis 18 . However, when compared to the bacterial type-A RPR, P13 and P14 are absent from the S domain of Pfu and Mja RPRs, which instead exhibit an extended P12. It is tempting to propose that in archaeal RNase P the three-dimensional fold of the RPR is maintained, and that the stabilizing RNA-RNA interactions in the bacterial enzyme are replaced by RNA-protein interactions in archaeal RNase P 46 . Thus, given the location of RNA binding by the RPP21-RPP29 complex, the function of this complex might be to compensate for the absence of the P13/P14 structural elements by mediating tertiary contacts between different parts of the RPR.
The presence of a second potential RNA-binding surface localized to the RPP21 β-sheet suggests a function unrelated to stabilizing RPR tertiary structure. Since human RPP21 has been reported to bind precursor tRNA 47 , it is conceivable that archaeal RPP21 might also be involved in substrate recognition. The S domain in bacterial RPR has been shown to recognize the T stem-loop (TSL) region in the ptRNA. The TSL-S domain interaction triggers a conformational change that aids catalysis by positioning the chemical groups and catalytically important Mg 2+ near the cleavage site in the C domain 18; 48; 49 . Thus binding of RPP21-RPP29 to the archaeal RPR's S domain might not only promote intra-and/or inter-domain RPR cooperation but also directly (or indirectly via the RPR) mediate recognition of the TSL in the precursor tRNA. Further experimentation is required to evaluate if indeed the two potential RNA-binding sites identified in the electrostatic potential map of the RPP21-RPP29 complex play distinctive or overlapping roles in RPR and ptRNA binding.
In summary, we have determined the solution structure of the Pfu RPP29-RPP21 complex and found that poorly structured elements in each protein fold to form the intermolecular interface in the complex. Analysis of the electrostatic potential surface of this complex revealed two potential RNA-binding surfaces, the larger of which is composed of surface elements from both proteins. Finally, we have localized the RPP29-RPP21 complex to the S domain of archaeal RPR by enzymatic footprinting. These findings provide valuable new insights into mechanisms of RNP assembly and serve as important steps towards a three-dimensional model of this ancient RNP enzyme.
MATERIALS AND METHODS
Protein Expression and Purification
Pfu RPP29-The Pfu RPP29/pET-33b plasmid 13 was transformed into Escherichia coli BL21(DE3) Rosetta cells (Novagen). The cells were grown in 2 L flasks in a shaker-incubator at 37°C in LB, or minimal M9 media containing 1 g/L of 15 NH 4 Cl and 2 g/L of 13 C-glucose as the sole nitrogen and carbon sources, supplemented with 30 µg/L of kanamycin and 34 µg/ L of chloramphenicol. Production of the recombinant proteins was induced by addition of 0.5 mM isopropyl β-D-thiogalactopyranoside (IPTG) at an A 600 of 0.6, and harvested after 4 h by centrifugation. The cell pellet from 1 L of culture was resuspended in 30 mL of buffer R (25 mM Tris-HCl, pH 7, 1 mM ethylene diamine tetraacetate (EDTA), 0.1 mM phenylmethylsulphonyl fluoride (PMSF), 50 mM dithiothreitol (DTT)), lysed on ice by sonication, centrifuged (15 min, 8,000 × g), and the pellet was resuspended in 30 mL of buffer R containing 7 M urea. The solution was sonicated on ice again and the cell debris was removed by centrifugation (15 min, 8,000 × g). The supernatant was filtered (0.45 µm) and loaded onto a 5-mL HiTrap SP column. Pfu RPP29 was eluted using a 50 mL linear 10-25% gradient of 25 mM to 2 M KCl under denaturing conditions (25 mM Tris-HCl, pH 7, 0.1 mM PMSF, 7 M urea), refolded by dialyzing into NMR buffer [10 mM Tris-HCl, pH 6.7, 10 mM KCl, 0.3 mM ZnCl 2 , 0.02% (w/v) NaN 3 ] and concentrated by ulfiltration with a 5-kDa molecular weight cutoff membrane (Ultra-4, Amicon).
Pfu RPP21-The Pfu RPP21 protein was overexpressed and purified as previously described 35 , except that at each refolding step, the protein was refolded from denaturant solutions (8 M urea) by dialysis, instead of by rapid buffer exchange in a size exclusion column: 1) the protein eluted from the nickel-loaded Hi-Trap chelating column (GE Healthcare) was refolded into NMR buffer by dialysis before thrombin cleavage; 2) the lyophilized protein following HPLC purification was resuspended in denaturing buffer, and refolded by dialyzing against NMR buffer.
NMR Spectroscopy and Resonance Assignments
The Pfu RPP21-RPP29 complex was formed by combining each [U-15 N, 13 C]-labeled protein (~1 mM) with an unlabeled protein partner at a 1:1.2 molar ratio to promote full saturation of the labeled protein 35 . Taking advantage of the thermostability of Pfu proteins, NMR spectra were recorded at 55°C on 600 and 800 MHz Bruker Avance DRX spectrometers (Billerica, MA) equipped with triple resonance pulse-field gradient probes. NMR spectra were processed and analyzed by NMRPipe 50 , NMRView 51 and CARA 52 .
Assignments of 1 H, 15 N, and 13 C resonances for each labeled protein in complex with its unlabeled partner were obtained by using data from the following experiments at 600 MHz: 15 N-1 H HSQC, 13 C-1H HSQC, HNCO, HNCACB, CBCA(CO)NH, C(CO)NH-TOCSY (τ m 12 ms) and H(C)(CO)NH-TOCSY (τ m 12 ms) 53 . Distance restraints were obtained from 3D 15 N-separated NOESY-HSQC (τ m = 100 ms) and 13 C-separated NOESY-HSQC (τ m = 100 ms) spectra recorded at 800 MHz on samples dissolved in 10 and 99.8% D 2 O, respectively. Intermolecular distance restraints were assigned initially from 13 C-filtered/edited NOESY-HSQC spectra (τ m 100 ms, 800 MHz, 99.8% D 2 O) with the two 1 J CH filter elements tuned to 120 and 160 Hz 43; 44 .
A heteronuclear { 1 H}-15 N NOE experiment was recorded at 600 MHz on [U-15 N, 13 C]-RPP29 bound to unlabeled RPP21 in an interleaved manner with (NOE) and without (no NOE) 1 H saturation 54 . Heteronuclear NOE values were determined from the ratios of the peak intensities between the two spectra.
Structure Determination
Distance restraints were derived from the NOE peak intensities, which were calibrated by assigning the median intensity to an interproton distance, r, of 2.7 Å, and scaling the remaining intensities by 1/r 6 51. Restraints for methyl groups and geminal protons were adjusted by adding 0.5 Å to the upper bound. Backbone torsion angle restraints were obtained from analysis of the backbone chemical shifts via TALOS 55 . Hydrogen bonds were identified based on the secondary structural information and characteristic NOE patterns.
Structure calculations were performed using simulated annealing protocols within the XPLOR-NIH software suite 56 . Preliminary analyses of the 15 N, 13 C-edited and 13 C-filtered/edited NOE spectra identified a total of 323 unique (non-redundant) unambiguous NOEs, including 105 intramolecular NOEs in RPP21, 124 intramolecular NOEs in RPP29, and 284 intermolecular NOEs in the binding interface. An initial set of structures of each individual protein was generated using the unique intramolecular NOEs, in addition to short-range NOE restraints and dihedral angles restraints. These initial ensembles (RPP21 and RPP29, respectively) were then used as templates for iterative computer-aided structure-based NOE assignment (SANE) 57 of the isolated proteins, resulting in assignment of additional intramolecular NOEs. Then, using the NOE and dihedral angle restraints obtained for the refined structure ensembles of the individual proteins, and the 284 intermolecular NOEs, an initial ensemble of the protein-protein complex was generated from an extended template. This initial docked ensemble of the complex served as the template for iterative SANE, yielding an additional 191 intermolecular NOEs. One-hundred trials of restraint-driven refinement resulted in an ensemble of ~70 structures with similar restraint energies, from which a final set of 10 structures was selected for analysis and evaluation with XPLOR-NIH and PROCHECK-NMR 58 . Surface burial was calculated using the program STC 59 .
RNase T1-and RNase V1-based footprinting to map RNA-protein interactions in Methanocaldococcus jannaschii (Mja) RNase P Details regarding the purification of RPPs and reconstitution of Mja RNase P are described elsewhere 29 . The footprinting studies were conducted as follows. Each 40-µL footprinting reaction contained a trace amount of end-labeled (100,000 dpm, ~0.5 nM) and unlabeled (125 nM) RPR either alone or complexed with RPP21-RPP29 or RPP30-POP5 (1.25 µM) in 50 mM Tris-acetate (pH 7.5), 120 mM Mg(OAc) 2 , 400 mM NH 4 (OAc). For the reactions with all four RPPs, the reconstitution was performed in 50 mM Tris-acetate (pH 7.5), 30 mM Mg (OAc) 2 , 800 mM NH 4 (OAc). In all cases, the reconstitutions involved two sequential incubations for 10 min at 37°C and 55°C. Subsequently, 1 µL RNase T1 [0.1 U/µL, diluted 10-fold in water from commercial stock (Ambion)] was added to the reconstitution mix and the incubation was continued at 55°C for an additional 1 min for the RNA-alone reaction and 5 min for the RNP reactions. Alternatively, 1 µL RNase V1 [0.02 U/µL, diluted 5-fold in water from commercial stock (Ambion)] was added to the reconstitution mix and the incubation was continued at 55°C for an additional 1 min for the RNA-alone reaction and 8 min for the RNP reactions. Both the T1 and V1 reactions were terminated by adding 10 µL of buffer-saturated phenol (pH 8) followed by extraction with phenol/chloroform. The RNAs were precipitated by adding two volumes of ethanol in the presence of 0.3 M sodium acetate (pH 5.2) and 20 µg/ml glycogen. The RNAs were then pelleted at 18,000 × g for 15 min and the pellets washed twice with 70% (v/v) ethanol. The air-dried RNA samples were then resuspended in 10 µL loading dye [9 M urea, 0.9 mM EDTA, 0.05% (w/v) bromophenol blue, 0.05% (w/v) xylene cyanol and 10% (v/v) phenol], separated by 8% (w/v) polyacrylamide/7 M urea gel electrophoresis, and visualized by using a Typhoon PhosphorImager (GE Healthcare). Size markers were generated by using both a partial hydrolysis of the RPR in alkali and digestion of the RPR with RNase T1 under denaturing conditions 13 . Compression-related artifacts during denaturing PAGE occasionally skews ladder assignments by a few nucleotides.
In addition to direct mapping of the cleaved fragments, we also employed primer extension assays as a secondary validation 29 . After cleavage by RNase T1, the reaction contents were precipitated, washed with 70% (v/v) ethanol, air-dried and resuspended in water. The oligonucleotide Mja RPR-R (5'-GGGGGATCCGTCTCGGCGGGTATGGGGGC-3'), which is complementary to the 3'-end of Mja RPR was 5'-labeled with [γ-32 P]-ATP and T4 polynucleotide kinase and used to prime the reverse transcription of the partial digestion products of Mja RPR. To minimize artificial stops caused by the secondary structure of the RPR, the extension reactions were performed at 50 °C using ThermoScript (Invitrogen) reverse transcriptase as specified by the supplier. The products of the reverse transcription reactions were separated in an 8% (w/v) polyacrylamide/7M urea gel in parallel with a DNA sequencing ladder using MjaRPR-R as the primer and the plasmid pBT7-Mja RPR 29 as the template. Binding-coupled folding in Pfu RPP21 and RPP29 as detected by NMR. Overlay of 15 N HSQC spectra of each 15 N-labeled protein in the absence (black) and presence (red) of its partner illustrates the site-specific chemical shift perturbations (CSPs). Weighted average CSP values (c, d) are mapped onto cartoon diagrams of the proteins (e, RPP21 and f, RPP29) using a linear color ramp from grey (no change) to red (maximal CSP). Blue indicates residues whose signals were only observed in the spectra of the complex. Black, undetermined CSP. Representative strips from 13 C-filtered/edited NOE spectra recorded on (a) [U-13 C, 15 N]-RPP21 bound to unlabeled Pfu RPP29, and (b) [U-13 C, 15 N]-RPP29 with unlabeled RPP21. The black (positive) crosspeaks arise from inter-molecular NOEs, while the red (negative) peaks result from incomplete suppression of self-and intra-molecular NOEs. The 1 H and 13 C shifts of the labeled partner are indicated above and below each strip, while the y-axis corresponds to the shift of 1 Hs from the unlabeled partner to which the labeled proton NOEs. Solution structure of Pfu RPP29-RPP21 complex. Ensemble of 10 lowest-energy structures superimposed on the backbone heavy atoms of residues 18-122 of RPP29 and 10-54, 57-81 and 88-104 of RPP21. Pfu RPP29 and RPP21 are labeled in red and blue, respectively. Interface of the Pfu RPP29-RPP21 complex. Electrostatic potential maps on the surface of RPP29 (a) and RPP21 (b) illustrate that the interface is dominated by hydrophobic interactions surrounding a prominent charge-charge interaction; the binding partner is shown as a ribbon (RPP21 in cyan and RPP29 in green). (c-e) Close-up showing three elements that stabilize the protein-protein complex. The lowest energy structure is chosen as the representative. The structure ensemble of these same views are provided in Supporting Information. 4) , with RPP30-POP5 (lanes 5 and 6) or with both binary complexes (lanes 9 and 10). Since reconstitution of the RPR with each binary RPP complex is performed in a buffer different from that used for reconstitution with both binary complexes together, two different control RNase T1/V1 digestions of the RPR are shown (lanes 1, 2 for binary RPPs and lanes 7, 8 for both binary pairs). "Alk." and "T1" represent molecular size ladders generated by subjecting end-labeled, denatured Mja RPRs to alkaline hydrolysis and partial RNase T1 digestion, respectively. The RNase T1 cleavage sites were also mapped by using primer extension assays (data not shown 29 ). * Longer electrophoretic runs were used to map protection patterns distal to the labeled termini (see Supporting Information). (c) Summary of the RPP footprinting data depicted on a secondary-structure model of Mja RPR. Circled and boxed nucleotides indicate protection to RNase T1 and RNase V1, respectively; blue and red colors indicate regions of protection by RPP30-POP5 and RPP21-RPP29, respectively. The green arrow indicates an RPR position that showed increased susceptibility to RNase T1 in the presence of either RPP30-POP5 or all four RPPs. RNase V1 cleavages around nucleotides 130-150 suggest that the secondary structure as drawn may need to be revised.
